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A novel bipartite phospholipid-binding module
in the neurofibromatosis type 1 protein
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Neurofibromatosis type 1 (NF1) is a common tumour predisposi-
tion syndrome associated with numerous clinical complications.
Mutations in the tumour suppressor gene NFT are responsible for
disease pathogenesis. This gene encodes the 320kDa protein
neurofibromin, the only clearly defined function of which is to
act as a Ras-specific GTPase-activating protein (RasGAP). Here
we report the structural discovery of a novel module in neuro-
fibromin, composed of a Sec14p homologous segment and a
previously undetected pleckstrin homology (PH)-like domain of
potentially novel function. We show phospholipid binding by this
bipartite module and identify residues that are involved in this
activity; we also show that the PH-like domain is not sufficient for
lipid binding. The unique architecture of the domain interface
points to a model of how the PH-like domain may regulate
binding of a ligand by the Sec14 module.
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INTRODUCTION

Neurofibromatosis type 1 (also known as von Recklinghausen
neurofibromatosis or NF1) is a common autosomal dominant
genetic disease affecting 1 in 3,500 births, with 50% of the cases
representing spontaneous alterations (Riccardi, 1992). Hallmark
symptoms include pigment anomalies (café au lait macules),
skeletal deformations, optic gliomas, learning disabilities and
nervous tumours called neurofibromas. Mutations of the tumour
suppressor gene NF1 are responsible for disease pathogenesis,
with 90% of the alterations being nonsense codons (Upadhyaya
et al, 1994). The NFT gene encodes a 320kDa protein, termed
neurofibromin, which is a Ras-specific GTPase-activating protein
(RasGAP). Its GAP activity is associated with a central portion of
the protein, termed GAP-related domain (GRD) (Cichowski &
Jacks, 2001).
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Although several interacting proteins have been reported
(Izawa et al, 1996; Tokuo et al, 2001; Feng et al, 2004), including
tubulin (Bollag et al, 1993) and heparan sulphate proteoglycans
(Hsueh et al, 2001), the RasGAP activity remains the only well-
characterized biochemical function. Observations according to
which the expression of a protein kinase A (PKA) transgene could
rescue NF1—/— phenotypes in Drosophila melanogaster suggested
a role of neurofibromin in regulating cyclic AMP controlled
signalling pathways (The et al, 1997), although the responsible
mechanisms have remained elusive.

We aim to identify neurofibromin functions by comparing
results of structural analyses of the protein with proteins of known
structures (www.rcsb.org). Structural similarities or bound ligands
would be a source of experimental ideas to investigate biochemical/
functional properties. Applying this approach to the carboxy-
terminal half of neurofibromin, we have identified and crystallized
a novel segment distinct from the GAP-related domain (Bonneau
et al, 2004). We present here its crystal structure, shown as a novel
bipartite module composed of a Sec14p homologous domain
(Aravind et al, 1999) and an unexpected pleckstrin homology
(PH)-like portion. We also show phospholipid binding and
identify residues involved in this activity by using site-directed
mutagenesis and phospholipid-binding assays. Our structural
model suggests that large conformational changes would be
required to support ligand binding in the Sec14p portion and that
the PH-like domain may regulate this process.

RESULTS AND DISCUSSION

Overall structure

The refined crystal structure (see Methods; supplementary Table 1
online) includes a non-crystallographic dimer of the neuro-
fibromin fragment comprising residues 1,560-1,816 of human
neurofibromin, two Triton X-100 molecules, two pyrophosphate
(PP;) ions and 113 solvent molecules. The structural model
uncovers the architecture of the neurofibromin-Sec14 homology
domain (NF1-Sec, residues 1,560-1,698) as a lipid-binding cage
(Sha et al, 1998) and shows the presence of an unexpected PH-like
(Lemmon, 2004) domain (NF1-PH, residues 1,715-1,816) that
has not been detected previously. Both domains are connected
by a partly helical linker peptide (residues 1,699-1,714)
forming a bipartite module with intriguing interdomain contacts
(NF1-Sec-PH; Fig 1A,B). A structure-based sequence alignment

©2006 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION



Bipartite phospholipid-binding module in the NF1 protein
1. D’Angelo et al

A B-protrusion

'SIP

PI(3,4)P2

PI(3,5)P2

PI(4,5)P2 |

PI(3,4,5)P3 PI

m PIGA

PS PI§3:5

Blank PI(4.5
PI(3,4.5

scientificreport

R1748 K1750

M-GM1
D-GD3
Sulphatide
Psychosine
Sphingomyelin Cholesterol
Sphingosylphosphorylcholine LPC

LPA PC
Blank

Sphingosine
S1P
Phytosphingosine

Ceramide

Myriosine

Fig 1| Structure and phospholipid binding of the NF1-Sec-PH module. (A) Ribbon representation of the NF1-Sec-PH module of the human
neurofibromin, clearly showing the two domain architecture. (B) Close-up view of the domain interface with selected side chains of basic residues
included in ball and stick. The B-protrusion of NF1-PH seems to stabilize a closed conformation by contact with the lid-helix of NF1-Sec. (C) Overlay
assays with NF1-Sec-PH and membranes spotted with 100 pmol phospholipids (left panel), indicating binding selecting for phosphorylated
phosphatidylinositol (PI). Overlay assays (PIP-array ™) spotted with increasing amounts of phosphorylated PI (middle panel), suggesting preference

for monophosphorylated species. Overlay assays spotted with 100 pmol of various lipid compounds (Sphingo-Strips™, right panel) show that

sulphatide is the preferred binder in this assay, with minor signal derived from lysophosphatidic acid (LPA).

including known Sec14- and PH-like domains is shown in
Fig 2. Two monomers of the asymmetric unit interact through
their PH portions and bind two PP; ions, partially involved in
crystal contacts.

NF1-Sec, a lipid-binding module

NF1-Sec shows the characteristic o/p-fold of Sec14p-like core
domains (Sha et al, 1998; Stocker et al, 2002; Meier et al, 2003),
with a central B-sheet forming the bottom of a hydrophobic cavity,
which is closed by surrounding helices and contains a Triton
X-100 molecule (Fig 1A,B; supplementary material 1 and
supplementary Fig 1 online), presumably incorporated during
protein purification.

Sec14p has originally been identified as an essential compo-
nent of the protein secretory pathway in yeast (Kearns et al, 1997),
catalysing the exchange of phosphatidyl choline (PC) for
phosphatidylinositol (PI) in lipid membranes (Cleves et al, 1991).
In the meantime, it has become clear that the Sec14 core domain
is present in numerous proteins including regulators of signalling
proteins such as RhoGAPs/GEFs and in phosphotyrosine phos-
phatases (Aravind et al, 1999). Although their specific functions
are not well established, they have been implicated in the
regulation of subcellular localization of their host proteins
(Kostenko et al, 2004).

Structural comparison with the core domains of known
Sec14p homologous proteins (Sha et al, 1998; Stocker et al,
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2002; Meier et al, 2003) suggests that NF1-Sec adopts a closed
conformation, which is mediated by a mostly helical peptide
segment (lid-helix, residues 1,663-1,682), covering the potential
ligand entry site (Figs 1A,B,4A).

NF1-PH, a previously undetected PH-like domain
NF1-PH shows a B-sandwich fold flanked by a characteristic
C-terminal o-helix, which is typical for PH-like domains
(Lemmon, 2004), but has not been detected previously in
neurofibromin. As in other PH modules, an elongated loop is
visible between the canonical strands 3 and B4. In neurofibro-
min, this loop forms a small B-protrusion, consisting of two short
antiparallel B-strands (B3’,84'), which folds on top of the lid-helix
(a5) of NF1-Sec (see below).

PH domains have originally been discovered as Pl binding
domains that were implicated in membrane recruitment processes
(Haslam et al, 1993; Mayer et al, 1993). Meanwhile, research has
shown the now PH superfold (Lemmon, 2004) as an interaction
domain in numerous signalling proteins, which has accommo-
dated several different functions (e.g., binding of specific peptides
or proteins) on a common scaffold, primarily by changes in loop
regions connecting the B-strands. The mere structural identifica-
tion of a PH-like domain in neurofibromin, similar to that in TFIIH
(Gervais et al, 2004) or BEACH proteins (Jogl et al, 2002), may
point to a novel function of PH modules, which we believe
involves regulation of the neighbouring NF1-Sec domain.
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A p-protrusion of NF1-PH blocks ligand access to NF1-Sec
The domain interface involves the linker peptide that contacts
residues derived from B3p as well as from the C-terminal tips of
B2sec, P3sec and Pdsec. As a most remarkable feature in NF1-PH,
the B-hairpin protrusion inserted between strands 3 and B4 (see
above) interacts extensively with the lid-helix region of the
NF1-Sec portion (Fig TA,B), suggesting its functional importance
(see below), presumably in controlling access of ligands to the
interior of the lipid binding cavity of the NF1-Sec. The interface
architecture reveals an inter-domain cleft (Figs 1A,B,3A) that has
been predicted to be a functional site of the PH domain (P. Aloy,
unpublished) and is in the immediate vicinity of the lid-helix of
NF1-Sec and the B-protrusion from NF1-PH, mentioned above.
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<« Fig 2| Structure-based sequence alignment of the NF1-Sec-PH region

showing similarities with other neurofibromin orthologues as well as
with disease-related Secl4p-like proteins (NF1-Sec only). Sequence
identity is highlighted in red and similarity in yellow. Structure-based
mutations are indicated with black circles; disease-related mutations are
indicated with green-filled circles (see Fig 3A). The resulting mutation is
specified in bold writing. Sequence source codes (Uniprot): Hs_NF1-I,
Homo sapiens neurofibromin (P21359-2); Dm_NF1, D. melanogaster
neurofibromin (001397); Nc_NF1, Neurospora crassa NFI homologue
(Q8WZX6); DA_NF1, Dictyostelium discoideurn NF1 homologue
(Q8MNGI1); Sc_IRA1, Saccharomyces cerevisiae IRA1 (P18963); Sc_IRA2:
S. cerevisiae IRA2 (P19158); Sc_Secl4p: S. cerevisiae Secl4p (P24280);
Hs_attp: Homo sapiens o-tocopherol-transfer protein (P49638); Hs_TAP/
SPF: H. sapiens supernatant protein factor (SPF) (076054); Hs_ATCAY:
H. sapiens caytaxin (Q86WG3). The tandem duplication detected in
Noonan’s syndrome patients and its insertion position is indicated; the
duplicated span corresponds to the linker region between the pleckstrin
homology (PH) and Sec domains.

NF1-Sec-PH binds phospholipids

The proximity of the NF1-Sec-PH portion to the GRD domain
together with the requirement of membrane recruitment of
neurofibromin to allow interaction with Ras prompted us to test
phospholipid binding of the protein. Indeed, NF1-Sec-PH binds to
membrane-immobilized phospholipids (PIP-Strips™') containing
phosphorylated Pl head groups (Fig 1C). Array experiments
(PIP-Array™) show some preference for the monophosphorylated
head groups, with the trisphosphorylated head group giving
consistently lower binding signal. The position of the phosphate
on the inositol ring seemed to have only a mild effect on the
binding signal, suggesting plasticity of the binding site (Fig 1C).
Our results are consistent with co-migration of NF1-Sec-PH and a
fluorescently labelled phospholipid (phosphatidylinositol (4,5)-bis
phosphate (PIP(4,5))) in native gels (data not shown). Overlay
assays with lipids different from Pl derivatives (SphingoStrips™)
indicated that out of 11 compounds, NF1-Sec-PH bound only to
the galactolipid sulphatide (Fig 1C). This suggests the presence
of a phosphate- or sulfate-modified ring structure, found in sugars
or inositol derivatives, as a determinant of binding specificity.

In trying to dissect the individual roles of the two domains for
phospholipid binding, we produced glutathione-S-transferase
(GST)-fused NF1-PH, but could not overexpress NF1-Sec with
satisfactory solubility. GST-fused NF1-PH did not show any
binding signal in PIP-strips™ (Fig 3B), suggesting that this domain
alone is not sufficient for the phospholipid binding activity.

To find out about the structural determinants of the phospho-
lipid binding, we engineered site-directed mutations of basic
residues in the extended domain interface region (Fig 3A).
Although most of the single missense mutations only mildly
interfered with phospholipid binding (data not shown), three
mutants involving two (R1666/K1670, K1670/R1674, R1748/
K1750) or four basic residues (K1670A/R1674/R1748/K1750)
seemed to bind more weakly (Fig 3B). In particular, the fourfold
mutation gave a consistently low binding signal. Interestingly, we
did not observe significant changes in the lipid specificity pattern
of the various mutants, raising the possibility that binding of the
phosphate moieties may be mediated equally efficiently by more
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Fig 3| Biochemical analysis of phospholipid binding to NF1-Sec-PH

by site-directed mutagenesis along with phospholipid-overlay assays.
(A) Top view of the NF1-Sec-PH model with positions of mutated
residues indicated with dark grey spheres. Positions of missense
mutations identified in NF1 patients are indicated by green spheres and
deletions by a green X. The region of the tandem duplication in the
domain linker is also indicated. (B) Overlay assays (PIP-arrays™™ and
Sphingo-Strips™) performed with various mutants and the GST-fused
NF1-PH (bottom right panel; see text).

than single basic functions. In conclusion, the investigated protein
region seems to represent a platform for phospholipids binding
where the function of one basic residue can be taken over by
another positively charged amino acid.

NF1 mutations point out the domain interface

Several alterations have been reported in the NF1-Sec-PH portion
in NF1 patients (Fig 3A; Tassabehji et al, 1993; Upadhyaya et al,
1997; Fahsold et al, 2000; Han et al, 2001). In the context of our
NF1-Sec-PH construct, none of the missense mutations showed
a significant effect in the phospholipid overlay assays. The single
deletion mutant AK1750 shows a reduced binding signal,
suggesting that removal of the residue distorts the head group
binding platform more severely than by its mere mutation to
alanine. Strikingly, AK1750 maps to the tip of the B-protrusion
interacting with the lid-helix, which we suggest to be functionally
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relevant. Of particular interest is the 14-residue insertion, which
has been reported in an NF1 patient with Noonan’s syndrome
(Tassabehji et al, 1993). This insertion essentially duplicates
the linker peptide between NF1-Sec and NF1-PH, suggesting
significant effects on the interdomain communication.

The role of the Sec-PH module in the presumed lipid-mediated
regulation of RasGAP activity (Tsai et al, 1989; Bollag &
McCormick, 1991; Golubic et al, 1998) remains elusive,
particularly when considering that lipid inhibition of RasGAP
activity has been mapped to the GAP domain of neurofibromin
and p120GAP (Golubic et al, 1998).

A potential mechanism for the control of ligand binding
As outlined above, we found NF1-Sec in a closed conformation,
with a B-protrusion derived from the C-terminal NF1-PH strongly
interacting with the lid-helix, thereby stabilizing this state
(Fig 1A,B). In fact, transition of NF1-Sec to the open and
presumably ligand-accepting conformation would require con-
siderable conformational changes in the B-protrusion (Fig 4A).
Fig 4B shows a hypothetical model for how structural changes
could allow ligand binding to NF1-Sec, of which the natural
ligand is yet to be identified. Although we could not show such
conformational changes on phospholipid binding, we have to
consider that the detected lipid-binding activity may not represent
the only functional property of this module. In this respect, we
would like to emphasize that PH domains represent a family of
typical protein interaction modules (Blomberg et al, 1999;
Lemmon, 2004), suggesting the existence of a binding partner
that could control the proposed conformational change (Fig 4B,
ligand A). Compelling evidence emerges from two-hybrid studies,
screening for proteins binding to the multifunctional Twenty-five
suppressor 1 (Tfs1p) in Saccharomyces cerevisiae (Chautard et al,
2004), a 20kDa phosphatidylethanolamine-binding protein,
which has been implicated in the regulation of the PKA pathway
(Caesar & Blomberg, 2004). Interestingly, this pathway has
been shown to be involved in rescuing NF1—/— phenotypes in
D. melanogaster (The et al, 1997) by overexpression of a PKA
transgene. Tfs1p interacts with the yeast IRA2 protein in a region
corresponding to NF1-Sec-PH and inhibits GAP activity. In
addition, deletion of the portion corresponding to our NF1-PH-
like domain abolished the interaction (Chautard et al, 2004). We
are at present investigating whether human or fly homologues of
Tfs1p are able to interact with NF1-Sec-PH. Among these
homologues is the Raf kinase inhibitory protein, a putative cancer
metastasis suppressor protein (Keller et al, 2005), providing a link
to cell-growth-regulating signalling pathways.

Concluding remarks

With our study, we have extended the known domain scheme
of neurofibromin to a structurally validated portion that now
accounts for 20% of the full-length protein (Fig 4C). We
have shown an unexpected bipartite module with phospholipid
binding activity that we could map to the interface region between
the two domains. The discovery of the PH-like domain as a
potential and likely interaction module increases the chances to
discover new interaction partners in two-hybrid screens or pull-
down experiments to obtain deeper insight into neurofibromin
functions. Finally, the presence of a RasGAP domain followed
by a Sec14-PH module (Fig 4C) may define a novel class of
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Fig 4| Proposed functional mechanism of the NF1-SEC-PH module. (A) Ribbon diagram of NF1-Sec-PH showing superimposed open (derived from
Secl4p; Sha et al, 1998) and closed conformation (this structure). It is clearly visible that the open conformation would clash with the B-protrusion,
making us postulate conformational rearrangements in this region to allow movement of the lid-helix region. (B) Hypothetical mechanism of how
conformational changes in the NF1-PH domain may regulate access to the NF1-Sec lipid-binding cage. The putative regulatory ligand A could be

a phospholipid, but the possibility of other types of molecule including proteins has to be considered (see text). On interaction with ligand

A, conformational changes involving the B-protrusion of the NF1-PH domain and the lid-helix of the NF1-Sec module may control binding

of ligand B, which may be a membrane lipid binding inside the NF1-Sec. (C) Structurally validated domain scheme of neurofibromin with domain

boundaries indicated.

RasGAPs that is involved in similar cellular functions or regulated
by similar mechanisms like the human neurofibromin. In this
context, it is noteworthy that a putative Sec14-PH portion of
an NF1-like protein from Neurospora crassa (~21% residue
identity) has similar phospholipid binding properties (F.B.,
unpublished). Whether other proteins of this domain organiza-
tion follow similar functional mechanisms will have to await
further studies.

METHODS

Protein purification, site-directed mutagenesis and antibody
purification are described in supplementary material 3 online.
Crystallization and structure determination. A segment of the
human NF1 gene coding for the residues 1,545-1,816 was
expressed, purified and crystallized as described (Bonneau et al,
2004). The structure was determined by the MIRAS method and
refined (supplementary Table 1 online) to a resolution of 2.3 A
with Ryork/Riree =22.5%/27.2%, as described in supplementary
material 2 online. Coordinates have been deposited with the
Protein Data Bank (www.rcsh.org) accession code 2D4Q.
Membrane overlay assays. For membrane overlay assays, Phos-
phoinositide-Strips™  (PIP-Strips), PIP-Arrays™ and Sphingo-
Strips™ (Echelon Biosciences Inc., Salt Lake City, UT, USA) were
used as described in supplementary material 4 online. Except for
the isolated PH portion, binding detection used rabbit antibodies
raised against the recombinant NF1-Sec-PH protein.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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